A completely resolved spectrum of the strongly forbidden NH (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition is observed. The NH radicals in the excited a 1 ⌬ state are exclusively generated in a Nd:YAG laser photolysis of hydrazoic acid at a wavelength of 266 nm. The NH (a 1 ⌬ 3 X 3 ⌺ Ϫ ) intercombination transition around 794 nm is used to produce NH (X 3 ⌺ Ϫ ) applying the stimulated emission pumping technique. The ground state radicals are detected by laser-induced fluorescence (LIF). The energy splitting between the NH (X 3 ⌺ Ϫ , v ϭ 0, J ϭ 1, N ϭ 0) state and the NH (a 1 ⌬, v ϭ 0, J ϭ 2) state is determined with an accuracy of 0.1 cm Ϫ1 to ⌬E ϭ 12 687.8 65 cm Ϫ1 . In addition, the radiative lifetime of the NH (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition was estimated by a determination of the saturation intensity to be Ϸ 12.5 s.
INTRODUCTION
The NH radical was already known for a very long time and was the subject of numerous investigations. It plays an important role in combustion processes when nitrogen-containing fuels are heated before entering the combustion zone because thermal decomposition occurs and produces low molecular weight compounds including NH (1, 2) . Furthermore, it is an important astrochemical species having been observed in the spectra of comets (3) and stars (4) .
Already in 1893, Eder examined the NH ( A 3 ⌸ £ X 3 ⌺ Ϫ ) band system at 336 nm (5) . In the 1930s, Funke was the first who assigned the main branches of the strong (0 -0) and (1-1) bands of this transition (6) . He also reported details about the ⌳ and spin splitting of the observed bands. In 1959, Dixon improved the analysis of this band system by the observation of lines from most of the satellite branches. He was able to identify the lines which could be attributed to 25 branches of the (0 -0) band and 19 branches of the (1-0) band (7) . The analysis of the (0 -0) band led to a correction of the line assignments previously published by Funke for this band. Dixon considered the spin splittings in both the A and X electronic states and the ⌳ doubling in the A state in detail and obtained reasonably accurate rotational and fine structure constants. The weaker (0 -1), (1) (2) , , and (2-1) bands were studied by Malicet et al. (8) . In 1986, Brazier et al. used a Fourier transform spectrometer with a precision of Ϯ0.0002 cm Ϫ1 for the strong unblended lines in the (0 -0) band. This improved the accuracy of the measurements by more than two orders of magnitude (9) . In 1999, the values were improved again (10) .
In the 1930s, the NH radical was also observed in its singlet states via the NH (c 1 ⌸, v ϭ 0 3 a 1 ⌬, v ϭ 0) transition around 324 nm by three independent groups at nearly the same time (11) (12) (13) . After Ramsay and Sarre analyzed the (0 -1) band of this transition (14) , the hyperfine and ⌳-doubling constants were observed in a molecular beam experiment by Ubachs et al. (15) . Transitions connecting to either c
Despite the large amount of spectroscopy work on the NH radical, the singlet-triplet splitting was still unknown until 1974 when Masanet et al. recorded the NH (b 1 ⌺ ϩ £ X 3 ⌺ Ϫ ) transition to the ground state in a VUV gas-phase photolysis experiment of HN 3 . A few years later, Cossart improved the resolution for this transition (19) . Rohrer and Stuhl observed the NH (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition directly (20) . In the present work, all lines of the strongly forbidden NH (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition are resolved for the first time and the singlet-triplet splitting of the NH radical is determined with a significantly improved accuracy. Furthermore, the first experimental value for the radiative lifetime in the gas phase is given.
Three different steps are involved in this experiment. In the first step, NH (a 1 ⌬) is generated in a Nd:YAG laser photolysis of hydrazoic acid (HN 3 ) at a wavelength of 266 nm. In the second step, intense tunable laser light in the wavelength region around 790 nm is used to stimulate the NH (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition after complete translational and rotational relaxation within the a 1 ⌬ state has occurred. In the third step, the generated NH (X 3 ⌺ Ϫ ) radicals are detected by laser-induced fluorescence (LIF) using the NH ( A 3 ⌸ 4 X 3 ⌺ Ϫ ) transition. Analogously to the stimulated emission (dump) step, this is performed after complete rotational relaxation in the X 3 ⌺ Ϫ state. By means of this technique, the extremely weak NH (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition can be amplified due to induced processes and thereby be recorded with a spectral resolution that is only limited by the Doppler width if the bandwidth of the dump laser is negligible. Figure 1 shows the experimental setup. The precursor of the NH radical is hydrazoic acid, HN 3 , which is generated by heating a mixture of sodium azide, NaN 3 , and stearic acid under vacuum conditions. At about 85°C, the only evolving gas is HN 3 , which is stored in a glass bulb at a maximum pressure of about 1 kPa (21) . Alternatively, HN 3 can also be prepared by adding small amounts of phosphoric acid under vacuum to NaN 3 , which is much simpler to handle, but the generated HN 3 is less pure (22) . The pressure in the glass bulb is monitored by a capacitance pressure transducer (MKS Baratron 221AHS-D-100). To achieve a sufficiently fast rotational relaxation of NH (a 1 ⌬), HN 3 is diluted by known amounts of Ne in a second glass bulb. The appropriate mixing ratio is (23, 24) . An oil diffusion pump reaching a base pressure of ϳ10 Ϫ2 Pa evacuates the observation chamber. The total pressure in the chamber is measured using a second capacitance pressure transducer (MKS Baratron 221AHS-D-100).
EXPERIMENT
NH (a 1 ⌬) is generated in a pulsed photodissociation of HN 3 by a light pulse of 30 mJ at 266 nm generated by the fourth harmonic of a Nd:YAG laser (Continuum Surelite II-10). At 266 nm, NH is produced exclusively in its first excited singlet state a 1 ⌬ (25). The experimental results concerning the nascent vibrational distribution of NH (a 1 ⌬) are not entirely consistent with one another (26 -28) . The latest reported values are (v ϭ 0):(v ϭ 1):(v ϭ 2) ϭ (1):(0.3):(0.02) (29) . By adjusting the total pressure in the observation chamber and the HN 3 :Ne mixing ratio, the collision rate was chosen such that the rotational distribution is completely relaxed to a Boltzmann distribution at room temperature.
As the Franck-Condon factors for the ⌬v ϭ vЈ-vЉ ϭ 0 transitions are close to one and the v ϭ 0 vibrational level is the most populated one, the NH ( A photoacoustic cell is used to calibrate the wavelength of the analyzing dump laser with high accuracy by scanning the (004) 4 (000) overtone excitation band of HCN which is in the same wavelength region (30 -33) . 
FIG. 2. Energy level diagram and all connecting branches of the (a
The rotationally relaxed NH (X 3 ⌺ Ϫ ) radicals are detected by applying the laser-induced fluorescence (LIF) technique (34 -36) 
band. An excimer laser (Radiant Dyes, RD-EXC-200) pumped dye laser (Lambda Physik, FL 3002) supplies the necessary detection wavelength of 337.01 nm which corresponds to the P 1 (2) line. This line is chosen because it is a very intense one in a rotational relaxed LIF spectrum. Excitation of NH (X 3 ⌺ Ϫ ) is performed under saturated conditions at a pulse energy of 2 mJ. Total fluorescence is monitored with a photomultiplier (Thorn-EMI 9781B) perpendicular to the probe beam through f/1 optics and an interference filter (330 Ϯ 30 nm).
All laser beams are aligned parallel to each other and the stimulated emission laser beam is counterpropagating the photolysis and probe beams (Fig. 1) . The photolysis and probe laser beams are focused by 500-mm lenses; for the dump beam, a 300-mm lens is used to increase its intensity because of the extremely low transition probability of the NH (
To reduce the influence of scattered light, the laser beams were guided through baffles into the observation chamber. A boxcar integrator (Stanford Research System, DG 535), which is triggered by the probe laser beam via a photodiode, registers and averages the LIF signal. Finally, a computer records the experimental data for further processing.
The time delay between the photolysis laser pulse and the dump laser pulse is set to 100 -150 ns. Between the dump laser pulse and the probe laser pulse it is set to 300 -500 ns to assure complete rotational relaxation. All lasers operate at a repetition rate of 10 Hz. All trigger pulses are generated by two coupled trigger generators (Stanford Research System DG 535 and a home-built generator).
To align the detection laser exactly to a transition of NH ( A 3 ⌸ 4 X 3 ⌺ Ϫ ), it is necessary to have a source of NH (X 3 ⌺ Ϫ ). For this purpose, NH (X 3 ⌺ Ϫ ) is generated via quenching of NH (a 1 ⌬) by increasing the delay time between photolysis laser pulse and detection laser pulse up to 200 s.
The following conditions have to be fulfilled in the experiments.
FIG. 3. S R( J), R R( J), R Q( J), Q P( J), Q Q( J)
, and Q R( J) branches of the high-resolution spectrum of the forbidden (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition obtained by scanning the dump laser wavelength. For comparison a calculated spectrum is also shown. The spectral resolution is 0.2 cm Ϫ1 (FWHM). The singlet-triplet splitting is directly given by the S R(1) line. Its value is ⌬E ϭ 12 687.8 65 cm Ϫ1 . The rotational temperature is 300 K. The delay between the photolysis and the dump pulse is 100 ns and the probe laser is further delayed by 500 ns. The pressures are 10 4 Pa Ne and 0.1 Pa HN 3 .
1. There has to be a strong population inversion between the triplet and the singlet state. In the photodissociation of HN 3 at 266 nm, the inversion is 100% directly after the photolysis laser pulse because no ground state radicals are produced (P(a 1 ⌬)/P(X 3 ⌺ Ϫ ) 3 ϱ). 2. Complete rotational relaxation has to be significantly faster than electronic quenching. If the rotational distribution in the NH (X 3 ⌺ Ϫ ) state is not relaxed before the LIF detection, then the dump spectrum might be incomplete.
RESULTS AND DISCUSSION
A (a 1 ⌬ 3 X 3 ⌺ Ϫ ) transition consists of nine branches which are denoted as ⌬N ⌬J( J), where ⌬N represents the change of the nuclear rotation quantum number N, whereas ⌬J represents the change of the total angular momentum quantum number J. Table  1 lists the corresponding Hönl-London factors of each branch. All Hönl-London factors are normalized to 2J ϩ 1.
Thus, the branches O P( J), P P( J), Q P( J), P Q( J), Q Q( J), R Q( J), Q R( J), R R( J), S R( J) can be expected (37). Figure 2 represents an energy level diagram with all branches and
The energy levels of NH (X 3 ⌺ Ϫ ) are directly taken from Ref. (9) because of their high accuracy. The energy levels of NH (a 1 ⌬) can be calculated with a sufficient accuracy using the following formulas:
where ␦ ϭ 1 if parity ϭ (Ϫ1) J and ␦ ϭ 0 if parity (Ϫ1) J and ⌳ ϭ 2.
T(e,v,J,␦) is the energy of a rovibrational state, T v is the vibrational energy including the electronic energy of the 1 ⌬ state, F(v,J,␦) is the rotational energy, B v , D v , and H v are the rotational constants, ⌬E ␦ ( J) represents the ⌳ splitting, and q is the ⌳-splitting constant. The constants used for the simulation are listed in Table 2 . For the calculation of the spectrum, the line positions of each rovibrational transition and its intensities were computed. The lineshapes were assumed to be Gaussian and are represented by
with ⌬ ϭ FWHM.
The line positions are given by subtracting the energy of the levels corresponding to each line of the nine branches. If no saturation occurs, the intensity I of each rovibrational line is
where FC(v) and HL( J) are the Franck-Condon and Hönl-London factors (Table 1) and P(v,J) is the population of the initial rovibrational state. The Franck-Condon factors for the (⌬v ϭ 0) transitions are all close to one (38) .
If the transition is saturated, the Hönl-London factor is replaced by a factor g S ϭ g͑ JЈ͒ g͑ JЉ͒ ϩ g͑ JЈ͒ , [6] where g( JЉ) and g( JЈ) represent the degeneracies of the (a 1 ⌬) and the (X 3 ⌺ Ϫ ) state, respectively. The intensity distribution which fits best the experimental data is calculated by assuming an intermediate case (nearly saturated). Therefore, the line intensities were calculated by adding the intensities of both cases with appropriate weight. As explained below, this fact can be used to determine the absorption cross section and, as a consequence, the radiative lifetime. Ϫ1 . This corresponds to a value of ⌬E ϭ 12687.8 65 cm Ϫ1 for the singlet-triplet splitting. Our new value improves the old one (12 688.39 cm Ϫ1 ) given by Ram and Bernath (39) . The accuracy of the fit is 0.01 cm Ϫ1 . However, we estimate an accuracy of 0.1 cm Ϫ1 due to the calibration accuracy of the dump laser. To determine the absolute line position, a photoacoustic cell (PA; Fig. 1 ) was used to calibrate the stimulated emission laser by recording a photoacoustic spectrum of the (004)4(000) overtone band of HCN, which lies in the same wavelength region as the NH spectrum. The laser calibration was optimized by scanning over the P (4) [7] which is obtained by the well-known relation between the probability for stimulated emission B nm ϭ (c/h) tot and for spontaneous emission A nm . c is the speed of light; nm is the frequency of the n 3 m transition. For ⌬ laser Ͼ ⌬ D , the total cross-section tot is related to the differential cross-section d tot ϭ d ⌬ laser ͑2J ϩ 1͒ HL͑ J͒ , [8] where ⌬ D is the Doppler width, ⌬ laser is the laser linewidth (FWHM), d is the differential cross section, and HL( J) is the Hönl-London factor of the considered line. As mentioned above, the recorded spectrum at laser photon flux I laser was nearly saturated:
[9]
To quantify this intensity, the focus area must be calculated. For a laser beam with Gaussian intensity distribution, wavelength , and beam diameter d, the beam cross-section A in the focus is (41) . A lower limit ϭ 3.3 s and ϭ 1.9 s was previously obtained from extrapolating matrix data (42, 43) , which supports our directly determined value.
